P63, a p53 family member, is expressed as TA and DN isoforms. Interestingly, both TAp63 and DNp63 are transcription factors, and regulate both common and distinct sets of target genes. p63 is required for survival of some epithelial cell lineages, and lack of p63 leads to loss of epidermis and other epithelia in humans and mice. Here, we explored the role of p63 isoforms in cell proliferation, migration and tubulogenesis by using Madin-Darby Canine Kidney (MDCK) tubular epithelial cells in two-or three-dimensional (2-D or 3-D) culture. We found that like downregulation of p53, downregulation of p63 and TAp63 decreases expression of growthsuppressing genes, including p21, PUMA and MIC-1, and consequently promotes cell proliferation and migration in 2-D culture. However, in 3-D culture, downregulation of p63, especially TAp63, but not p53, decapacitates MDCK cells to form a cyst structure through enhanced epithelial-to-mesenchymal transition (EMT). In contrast, downregulation of DNp63 inhibits MDCK cell proliferation and migration in 2-D culture, and delays but does not block MDCK cell cyst formation and tubulogenesis in 3-D culture. Consistent with this, downregulation of DNp63 markedly upregulates growth-suppressing genes, including p21, PUMA and MIC-1. Taken together, these data suggest that TAp63 is the major isoform required for tubulogenesis by maintaining an appropriate level of EMT, whereas DNp63 fine-tunes the rate of cyst formation and tubulogenesis by maintaining an appropriate expression level of genes involved in cell cycle arrest and apoptosis.
INTRODUCTION
P63, a member of p53 family of transcription factors, bears a high similarity with p53 protein in sequence and structure. 1, 2 At the N-terminus, the p63 gene is controlled by two promoters and is expressed as two major variants, TAp63 and DNp63. Both TA and DN variants are further subjected to alternative splicing, and produce at least five isoforms with an unique C-terminus, termed a, b, g, d and e.
3 TAp63, transcribed from the upstream promoter, contains a transactivation domain similar to the one in p53. In contrast, DNp63, transcribed from the promoter in intron 3, lacks the activation domain but gains 14 unique residues in its N-terminus. 2 These 14 amino acids and the adjacent proline-rich region form an unique transactivation domain for DNp63. 4 Owing to the difference of transactivation domains, TAp63 and DNp63 exhibit unique biological functions by regulating their own distinct target genes. For example, TAp63 can bind to p53-responsive elements to transactivate some p53 target genes, such as p21 and PUMA, which mediate TAp63 to suppress cell proliferation and induce apoptosis. 1, 2 In contrast, DNp63 can be dominant-negative over TAp63 and p53, 2 and consequently suppresses the expression of some p53 target genes, such as p21 and 14-3-3s. 2, 5 In addition, DNp63 regulates a distinct set of target genes involved in growth suppression and promotion. 2, 6, 7 Indeed, upregulation of DNp63 was found in cancers of bladder, lung, head and neck, whereas TAp63 was concomitantly downregulated in these cancers. [8] [9] [10] It is well-characterized that p63 is required for development of epidermis of the skin.
11 p63 À / À mice die shortly after birth due to lack of proper skin protection and exhibit other developmental deficiencies in multiple tissues, such as teeth, lachrymal, salivary, prostate, kidney, urothelia and mammary glands. [11] [12] [13] [14] All these tissues are highly dependent on proper interactions between mesenchyme and epithelium. Similar phenotype has been observed in zebrafish, where disruption of p63 expression causes defects in epidermal morphogenesis and fin development. 15, 16 Significantly, germline p63 mutations in humans are associated with severe abnormalities of ectodermderived tissues, including ectrodactyly, ectodermal dysplasia and cleft lip/palate syndrome, Hay-Wells or ankyloblepharonectodermal dysplasia-clefting syndrome, and limb-mammary syndrome. 2, 17, 18 Of note, type 3 ectodermal dysplasia and cleft lip/palate syndrome is found to contain a heterozygous mutation in the DNA-binding domain of p63 gene, 17, 18 and is associated with renal malformations. [19] [20] [21] p63
À / À mice die at birth. 11, 12 Thus, the role of p63 in mature tissue cannot be examined in p63 À / À mice. However, several cell models, which recapitulate cell morphogenesis in vivo, have been developed and used to examine the function of specific genes during various differentiation programs. 22, 23 Among these models is the 3-D collagen gel culture of Madin-Darby Canine Kidney (MDCK) cells, a widely used system for epithelial cell biology. 24 Thus, 3-D culture of MDCK cells was utilized to examine the mechanism by which p63 modulates epithelial tissue organization and tumorigenesis. We found that downregulation of p53, p63 and TAp63 decreases the expression of growthsuppressing genes, including p21, PUMA and MIC-1. Interestingly, downregulation of p63, particularly TAp63, but not p53, disrupts the ability of MDCK cells to form a cyst structure in 3-D culture via heightened epithelial-to-mesenchymal transition (EMT). In contrast, knockdown of DNp63 in MDCK cells can still result in cyst structure and tubular formation, albeit substantially delayed. Consistently, downregulation of DNp63 remarkably inhibits cell proliferation and migration via upregulation of growthsuppressing genes, such as p21, PUMA, MIC-1, Bax, and 14-3-3s. Thus, our study uncovers a novel role for TAp63 and DNp63 in epithelial tubulogenesis.
RESULTS

P53
is not required for normal cyst formation MDCK epithelial cell line was derived from kidney tubules of a normal cocker spaniel 25 and possesses the ability to form cyst structures when cultured in 3-D collagen gel. 26 Upon stimulation with hepatocyte growth factor (HGF), these cyst structures develop into branching tubules through partial EMT, cell proliferation and redifferentiation, a process that resembles kidney tubulogenesis in vivo.
27,28 Here, we showed that when cultured in 3-D collagen gel for 10 days, MDCK cells formed a polarized cyst structure with hollow lumen surrounded by a single layer of cells (Supplementary Figure S1A) , consistent with previous published reports. 26, 27 Upon stimulation with HGF on day 10, the cyst ultimately formed tubular networks within 3 days by undergoing four distinct processes, including extension, and formation of chain, cord and tubules (Supplementary Figures S1B-S1H ).
Previously, we have shown that wild-type p53 is required for formation of normal mammary acini with hollow lumen in 3-D culture of MCF10A cells. 23 To determine the role of p53 in tubular formation, we generated MDCK cell lines in which p53 was stably knocked down ( Figure 1A , clones #2 and #8). We found that p53-KD MDCK cells still exhibited a cuboidal pebble-like morphology, as seen in parental MDCK cells in regular (2-D) culture ( Figure 1B , compare b-c with a). In addition, p53-KD MDCK cells were able to form normal cysts, which then developed into tubules when induced with HGF in 3-D collagen gel culture ( Figure 1C ). Next, we performed colony formation and wound-healing assays, and found that downregulation of p53 promoted cell proliferation and migration ( Figures 1D and E) . Consistently, we found that downregulation of p53 led to decreased expression of growthsuppressing genes, such as p21 and PUMA ( Figure 1F , compare lanes 2-3 with 1). We would like to note that dog p21 is expressed as two isoforms, as previously described. 29 EMT is critical for tubulogenesis, 27, 28 which is characterized by decreased expression of E-cadherin, and increased expression of b-catenin and laminin V. 30 Thus, we measured these EMT markers and found that downregulation of p53 had little or mild effect on the expression of E-cadherin, b-catenin and laminin V ( Figure 1G , compare lanes 2-3 with 1). Likewise, downregulation of p53 did not significantly alter the expression of EMT transcription factors, Snail-1, Slug and Twist ( Figure 1H , compare lanes 2-3 with 1). Consistent with the above observations, immunofluorescence assay showed that downregulation of p53 had little if any effect on the expression patterns of epithelial makers E-cadherin and b-cateinin, and a mild effect on the intensity of Claudin-1 staining (Supplementary Figures S2A-C) . These data suggest that downregulation of p53 alone is not sufficient to alter tubular formation in 3-D culture, but promotes cell proliferation and migration through the loss of induction of growth-suppressing genes.
P63 is required for normal tubular formation p63 is known to have an essential role in the development of some epithelial tissues and organs. 12 As several epithelial cell lineages, including keratinocytes and mammary epithelial cells, cannot survive without p63, 31 whether p63 modulates cell polarity has not been examined. Here, 3-D culture of MDCK cells was used to explore the role of p63 in tubular epithelial cell morphogenesis. To test this, we generated multiple MDCK cell lines in which endogenous p63 is knocked down by short hairpin RNA. RT-PCR showed that the levels of transcripts for p63, TAp63 and DNp63 were decreased in p63-KD MDCK cells (Figure 2a , clones #7 and #10). As the a isoform is the predominant form of TAp63 and DNp63 in MDCK cells, TAp63a and DNp63a proteins were measured, and used to represent the levels of TAp63 and DNp63, respectively. Consistent with the transcript levels, the protein levels for both TAp63a and DNp63a were decreased upon downregulation of p63 in MDCK cells (Figure 2b , clones #7 and #10). Interestingly, we found that p63-KD MDCK cells in 3-D culture proliferated at a random orientation and did not align with the axis perpendicular to the cellular plane (Figure 2c ). We also found that p63-KD cells exhibited a proliferative, migratory and nonpolar morphology (Figure 2c ). In addition, the percentage of 'normal' cysts decreased from 80-90% in MDCK cells to 10-15% in p63-KD cells, consistent with the report that the percentage of normal cysts dropped once cell division was randomized. 32 These results indicate that downregulation of p63 promotes cell redistribution and invasion, which then leads to the formation of irregular cysts compared with the polarized ones formed by parental MDCK cells ( Figure 2c ). Furthermore, we found that downregulation of p63 significantly enhanced cell proliferation as measured by colony formation assay (Figure 2d ), and cell motility as measured by wound-healing assay ( Figure 2e ).
Cell motility is a hallmark of a mesenchymal phenotype. 33 Thus, to determine whether EMT is involved in the alteration of cyst morphology, we measured the expression patterns of EMT markers. We found that the protein level of E-cadherin was decreased, whereas those of b-catenin and laminin V were increased in To further examine whether downregulation of p63 is associated with EMT phenotype, we performed immunofluorescence assay and found that the intensity of E-cadherin and Claudin-1 staining was decreased ( Supplementary Figures S3B-S3C ), whereas the intensity of b-catenin staining was increased along with increased nuclear accumulation (Supplementary Figure S3D) .
Next, we measured the expression pattern of Cadherin-6, MIC-1, p21 and Puma. Cadherin-6 is a kidney differentiation maker and functions as an inhibitor of tubulogenesis. 34, 35 Macrophage inhibitory cytokine 1 (MIC-1) is a p53 target gene and acts as a growth inhibitory molecule. 36 Here, we found that downregulation of p63 led to an increase in the expression of Cadherin-6 ( Figure 2h ). In contrast, downregulation of p63 markedly decreased the expression of p21, PUMA and MIC-1 ( Figure 2i ).
TAp63 is necessary for tubular formation p63 is expressed as TA and DN isoforms. Thus, to determine the role of each p63 isoform in tubulogenesis of MDCK cells, we generated multiple MDCK cell lines in which TA, but not DN, isoform was specifically knocked down (Figures 3a and b, clones #6 and #28). We found that in 3-D culture, TAp63-KD MDCK cells formed abnormal structures with an EMT phenotype, which is similar to that formed by p63-KD cells (Figure 3c Figure S4D) . These results suggest that TAp63 is primarily responsible for the ability of p63 to mediate tubular formation via maintaining an appropriate level of EMT, cell proliferation and cell mobility.
DNp63-KD delays tubular formation via growth suppression
To determine the effect of DNp63 on tubular formation, we generated multiple MDCK cell lines, in which DN, but not TA, isoform was specifically knocked down. The decreased levels of DNp63 mRNA and protein in these cell lines were verified by RT-PCR and western blotting, respectively ( Figures 4A and B , Clones #44 and #66). Interestingly, we found that unlike the downregulation of TAp63, downregulation of DNp63 did not obviously alter cell morphology in 2-D culture ( Figures 4C,b and c) . However, downregulation of DNp63 delayed cyst formation and markedly decreased the size of the cysts compared with that formed by parental MDCK cells ( Figure 4D ). It is known that the delay and suppression of cyst formation can be caused by decreased cell proliferation and/or increased cell death. Indeed, we found that downregulation of DNp63 repressed cell proliferation and migration ( Figures 4E and F) . As DNp63a acts as a transcriptional repressor in vivo and in vitro, 5,15,16 we examined alteration of gene expression by downregulation of DNp63. We found that downregulation of DNp63 increased the expression of several growth-suppressing genes, including p21, PUMA, MIC-1, Bax and 14-3-3s ( Figures 4G and H, compare lanes 2-3 to 1) . Interestingly, the level of Cadherin-6 mRNA was decreased, whereas those of E-cadherin protein and mRNA were slightly increased by downregulation of DNp63 ( Figures 4I and K, compare  lanes 2-3 to 1) . However, downregulation of DNp63 had a mild or no effect on the levels of protein and mRNA for laminin V, b-catenin, Snail-1, Slug and Twist ( Figures 4I-K, Supplementary  Figure S5A , compare lanes 2-3 with 1). Moreover, downregulation of DNp63 had no or a mild effect on the staining patterns for E-cadherin, b-catenin and Claudin-1 (Supplementary Figure S5B-D) .
We showed above that in response to HGF stimulation, MDCK cysts undergo partial EMT, proliferation and redifferentiation to start extensions and form chains, cords and tubules (Supplementary Figure S1) . To test whether DNp63 is required for HGF-induced tubulogenesis, cysts were exposed to HGF in 3-D culture. Using parental MDCK cells as a control, we found that 24 h after exposure to HGF, cord formation was initiated from most of the MDCK cysts (Figure 5a, left panel) . Upon exposure to HGF for 36-48 h, the cells in the cords further migrated and proliferated, leading to expanded luminal surface (Figure 5a , left panels). Seventy-two hours following HGF treatment, all of the cysts were developed into mature tubule networks (Figure 5a, left panel) . However, upon downregulation of DNp63, cord and tubule formations were markedly delayed and incomplete (Figure 5a , middle and right panels, arrow headed). These observations suggest that decreased cell proliferation by downregulation of DNp63 delays tubular formation, but is not sufficient to block tubulogenesis. DISCUSSION p63 is known to have a role in tumor suppression and promotion, as well as development and differentiation of specific tissues and organs. However, how p63 regulates cell behaviors is still not fully understood. Here, by taking the advantage of 3-D culture model of MDCK cells, we reveal a distinct role for TAp63 and DNp63 in the process of branching morphogenesis of tubular epithelium, a common feature of vertebrate organogenesis. 27 ,28 First, we found that downregulation of p53 has little, if any, effect on tubular formation of MDCK cells. Second, we found that downregulation of p63, particularly TAp63, disrupts cyst formation coupled with a proliferative, migratory and nonpolar phenotype, suggesting that TAp63 is the major isoform required for cyst formation, an initiating and potentially rate-limiting stage of tubulogenesis. Third, we found that the effect of p63 on tubulogenesis is at least in part via EMT, as downregulation of p63 alters the expression pattern of EMT markers along with increased cell proliferation and migration. Fourth, we found that downregulation of DNp63 markedly increases the expression of many growth-suppressing genes, which in turn delays tubular formation through repressing cell proliferation and migration. Taken together, our data indicate that TAp63 is the major isoform required for tubulogenesis by maintaining an appropriate level of EMT, whereas DNp63 finetunes the rate of cyst formation and branching morphogenesis by maintaining an appropriate expression level of genes involved in cell cycle arrest and apoptosis (Figure 5b ).
Epithelial tissues, such as kidney and mammary gland, are commonly developed from spherical cysts and cylindrical tubules. 37 The formation of cysts and tubules is known as branching morphogenesis or tubulogenesis. This process is regulated by a wide range of growth factors and their receptors, transcription factors and cell-extracellular matrix adhesion molecules, all of which coordinately regulate cellular behaviors, such as proliferation, differentiation, apoptosis, migration and polarization. 38 The phenotype of p63-deficient animals indicates that p63 has a role in developmental processes that heavily rely on proper epithelial-mesenchymal interactions. 11, 12 In line with this, in adult p63 þ / À mice, several defects were observed in the epithelia of the tongue, rectal prolapse, vaginal cervicitis and cornea of the eye.
14 In this study, we found that TAp63 and DNp63 differently regulate tubular formation and gene expression in MDCK cells. Particularly, downregulation of p63 and TAp63, but not DNp63, renders MDCK cells to proliferate randomly into a single layer, instead of initiating polarized cyst formation in 3-D collagen gel culture. Cadherin-6, also called K-cadherin, is considered as a differentiation maker for kidney. 34 Cadherin-6 is expressed at a relatively high level in MDCK cells and functions as an inhibitor of tubulogenesis. 35 Here, we found that downregulation of p63 and TAp63 increased, whereas that of DNp63 decreased, Cadherin-6 in MDCK cells. These data are consistent with a recent report that loss of E-cadherin inhibits lumen formation, whereas ablation of Cadherin-6 leads to tubular formation in MDCK cells. 35 Thus, we speculate that TAp63 is the major isoform to control the cell polarity in 3-D culture, loss of which disrupts cell-cell adhesion and promotes cells to invade into the adjacent structure to form irregular aggregates, leading to developmental defects and tumor formation. Indeed, TAp63-deficient and p63-heterozygous mice have defects in epithelial tissues, including kidney, 13, 14 and are prone to tumor formation. 39, 40 In contrast, DNp63 is the main isoform required for cell growth and survival. Consistent with this, DNp63-deficient humans and mice are prone to developmental defects. 11, 18 EMT is a process in which immotile epithelial cells transit into motile fibroblastic-like cells. EMT is involved in normal embryogenesis and tissue morphogenesis, and in adults, it is required for the maintenance of the epithelium for wound healing and tissue repair. However, aberrant activation of EMT can cause cellular invasion and metastasis in cancer. It has been reported that adult epithelial cells of kidney, eye, lung, peritoneum and colon can undergo EMT in chronic inflammatory diseases associated with fibrosis, as well as carcinogenesis in a broad range of epithelia. 41, 42 p63 regulates tubulogenesis via EMT Y Zhang et al Especially, EMT is an important contributor to the progression of renal disease in an animal model of kidney fibrosis. 43 The pathological EMT is characterized by downregulation of epithelial markers and acquisition of mesenchymal properties, including loss of E-cadherin, a prerequisite for epithelial cells to acquire migratory properties. 44 Previous study also proved that ablation of E-cadherin does not induce tubulogenesis. 35 In this study, we found that downregulation of p63 and TAp63 disrupts cyst formation, accompanied by loss of E-cadherin, increased expression of b-catenin, laminin V, Snail, Slug and Twist. However, downregulation of DNp63 and p53 causes little, if any, alteration on the expression of these EMT markers. These data indicate that MDCK cells deficient in p63 and TAp63, but not DNp63 and p53, have undergone EMT, which leads to acquisition of enhanced migratory activity and formation of abnormal structures. Consistent with this, previous reports showed that p63 regulates cell-cell and cell-matrix interactions, and p63 deficiency leads to decreased cell adhesion and cell cycle arrest, but increased invasion and metastasis potentials. 31, 45, 46 Of note, p63 is found to activate several micro RNAs, including miRNA-200 family and miRNA-205, to suppress transcription factors ZEB1, ZEB2 and vimentin, and consequently inhibits EMT. [47] [48] [49] On the other hand, EMT markers, including Snail and Slug, are found to up-and downregulate TAp63 and DNp63 expression, respectively. 50 Thus, it is likely that a regulatory feedback loop exists between EMT markers and p63. Taken together, these studies suggest that p63 is necessary for the induction and maintenance of epithelial cell fate. It is worth to note that in 3-D culture of MCF10A cells, p53 is required for the formation of normal acini with hollow lumen, 23 suggesting that p53 has a cell/tissue-specific effect on cell polarity.
Previous studies showed that in 3-D culture of MDCK cells, tubulogenesis undergoes a partial epithelial-mesenchymal transition (p-EMT), which then modulates cell proliferation and cell death required for cyst maturation, lumen formation, and subsequent redifferentiation. 51, 52 Interestingly, DNp63 is found to be involved in maintaining undifferentiated phenotype in renal carcinoma cells. 53 Here, we found that downregulation of DNp63 suppresses cell proliferation and migration, and dramatically delays the process of tubular formation, coupled with increased p63 regulates tubulogenesis via EMT Y Zhang et al expression of growth-suppressing genes, such as p21, PUMA, MIC-1, Bax and 14-3-3s. However, downregulation of p63 or TAp63 repressed the expression of p21, PUMA and MIC-1. Like p21, MIC-1 acts as a growth inhibitory molecule, which can be induced by p53. 36 MIC-1 is an early mediator of the injury response in kidney and lung, and may regulate inflammation, cell survival, proliferation and apoptosis. 54 Thus, in addition to p21 and PUMA, decrease expression of MIC-1 may contribute to the increased proliferation due to downregulation of p63 or TAp63. Considering that MIC-1, p21 and PUMA are p53 target genes and can mediate p63-induced cell cycle arrest and apoptosis, 2, 35 we hypothesize that DNp63 maintains a proper level of expression for these growth-suppressing genes, and fine-tunes the rate of cyst formation and tubulogenesis. Nevertheless, additional work is still needed to address how these genes mediate the function of p63 in tubular formation in 3-D culture of MDCK cells.
MATERIALS AND METHODS Reagents
Bovine collagen solution (3.2 mg/ml) was purchased from Advanced Biomatrix (Poway, CA, USA). MEM medium and non-essential amino acid were purchased from Invitrogen (Carlsbad, CA, USA). Recombinant human HGF was purchased from Sigma (St Louis, MO, USA).
Cell culture
The MDCK cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA), and cultured in MEM medium supplemented with 10% fetal bovine serum and 1% non-essential amino acid. The overlay 3-D culture was carried out as described previously with some modifications. 55 Briefly, 12-well culture plates were precoated evenly with 1.0 mg/ml premixed collagen gel and then incubated at 37 1C for 30 min to allow the collagen gel to solidify. MDCK cells (5000 cells) suspended in 1.0 ml collagen gel mixture were seeded on the top of pregelled layer, and then incubated for 30 min at 37 1C. Complete growth medium was gently added to the top of each gel and incubated at 37 1C in a humidified 5% CO 2 . Culture medium was renewed every third day. For induction of tubulogenesis, culture medium plus 10 ng/ml of HGF was added to the culture plate.
Plasmid construction and cell line generation
To generate expression vectors for short hairpin RNAs against p63, DNp63 or TAp63 under the control of the U6 promoter, two 62-base oligos were annealed and then cloned into pBabe-U6 short hairpin RNA expression vector. 56 The resulting plasmids were designed as pBabe-U6-shp63, pBabe-U6-shDNp63 and pBabe-U6-shTAp63. The short hairpin RNA oligos along with the siRNA-targeting region shown in uppercase are listed in the Supplementary Table 1 . pBabe-U6-shp53 was used as previously described. 23 To generate stable cell lines in which target genes can be downregulated, pBabe-U6-shp53, pBabe-U6-shp63, pBabe-U6-shDNp63 or pBabe-U6-shTAp63 was transfected into MDCK cells. The resulting cell lines were selected with puromycin and confirmed by RT-PCR and western blot analysis.
RT-PCR analysis
Total RNA was extracted from cells using TRIzol (Invitrogen Life Technologies, Grand Island, NY, USA), according to the manufacturer's instructions. cDNA was synthesized using M-MLV Reverse Transcriptase Kit (Promega Corporation, Madison, WI, USA), according to the manufacturer's protocol. The mRNA levels of p63 and its isoforms were measured by PCR with p63 and p63 isoform-specific primers. The primers to detect p63 are sense Western blot analysis
Western blot was performed as described. 58 Antibodies were purchased from Millipore (anti-laminin g2, Temecula, CA, USA; anti-MIC-1, Billerica, MA, USA), Sigma (anti-actin), Santa Cruz Biotechnology (anti-p63 (4A4), anti-b-catenin (E-5), anti-Snail-1, anti-Twist and anti-p21 (H-164), Santa Cruz, CA, USA), Cell Signaling (anti-Slug, Danvers, MA, USA), BD Transduction Laboratories (anti-E-cadherin, anti-Bax, anti-14-3-3s, San Jose, CA, USA), ProSci Inc. (anti-PUMA, Poway, CA, USA), and Bio-Rad (secondary antibodies against rabbit or mouse IgG conjugated with HRP, Life Science Research, Hercules, CA, USA).
Colony formation assay MDCK cells were cultured in a six-well plate for B12 days and then fixed with methanol/glacial acetic acid (7:1), followed by staining with 0.1% crystal violet. Experiments were conducted in triplicate.
Wound-healing assay Cells were grown in a six-well plate for 24 h. The monolayers were wounded by scraping with a P200 micropipette tip and washed two times with phosphate-buffered saline (PBS). At specified time points after the scraping, cell migration was captured using phase contrast microscopy and cell monolayers were photographed using a Canon EOS 40D digital camera (Canon, Lake Success, NY, USA). Migration rate of cells was measured by averaging the time required to close the borders of cells. Six regions were analyzed in each well, and the result was expressed as the mean ± s.d.
Immunofluorescence staining MDKC cells were grown to near confluence in four-well chamber slides. Cells were rinsed with PBS and then fixed with 3.7% formaldehyde in PBS buffer for 15 min at room temperature. After rinsing three times with PBS, cells were incubated in 10% bovine serum albumin in PBS for 1 h, followed by incubation with primary antibodies at 41C. After washing with PBS, FITC-conjugated anti-rabbit IgG or anti-mouse IgG was applied and incubated at 41C for 1 h. After washing with PBS, nuclear counterstaining was performed by adding 4 0 , 6-diamidini-2-phenylindole (DAPI, 0.25 mg/ ml) and slides were mounted with coverslips.
Statistical analysis
Data are presented as mean ± s.d. Statistical significance was determined by Student's t-test. Values of Po0.05 were considered significant.
